Complexes of vanadium(III) and vanadium(IV) were synthesized with the tripodal quadridentate ligands, N,Nbis(2-pyridylmethyl)-2-aminoethanol (Hbpmae) and N,N-bis(2-imidazolylmethyl)-2-aminoethanol (Hbimae). The chemical structures and geometries were determined by X-ray crystallography or spectral measurements. Vanadium(III) formed structurally similar, oxo-bridged, dinuclear complexes with both ligands and exhibited intense absorption bands in the visible region. Upon exposure to air, the vanadium(III) complexes oxidized spontaneously, yielding the respective vanadium(IV) complexes. The geometry of the vanadium(IV)-Hbpmae complex was very similar to that of the monomeric unit in the corresponding vanadium(III) dimer. The alkoxo group in all four complexes coordinated to a metal center in a protonated form. The geometrical arrangements of the vanadium(IV)-Hbpmae and -Hbimae complexes were different with each other. The intense absorption bands in the visible region of the oxo-bridged dinuclear vanadium(III) complexes were assigned based on molecular orbital calculation.
INTRODUCTION
Certain species of ascidians are known to accumulate vanadium from seawater selectively and intensively. [1] . Vanadium accumulated is reduced to the +III oxidation state and stored in vacuoles of vanadocytes (vanadium-containing blood cells). However, the physiological function of vanadium(III) in ascidian blood cells has not yet been clarified. In order to understand the role of vanadium(III) in ascidians, we have studied the development of coordination chemistry of vanadium(III) in details.
The structure of a vanadium(III) complex depends highly on the chemical structure of the ligands, the chelate ring size and the nature of the coordinating groups. For example, hexadentate amino polycarboxylate ligands such as ethylenediamine-N,N,N',N'-tetraacetate (edta) [2] and quadridentate amino polycarboxylate ligands such as nitrilotriacetate (nta) [3] , form solely five-membered chelate rings, yielding heptacoordinate vanadium(III) complexes. Conversely, the ligands that form six-membered chelate rings such as 1,3-propanediamine-N,N,N',N'-tetraacetate (1,3-pdta) [4] and N,N-bis(carboxymethyl)--alanate ( -alada) [5] yield hexacoordinate mononuclear vanadium(III) complexes. Hexacoordinate mononuclear vanadium(III) produces an oxobridged dinuclear complex upon base hydrolysis, whereas heptacoordinate vanadium(III) complexes do not [5, 6] . In acidic solution, the substitution of acetate group(s) in nta by 2-pyridylmethyl group(s) results in the formation of a hexacoordinate mononuclear species. In basic solution, an oxobridged dinuclear complex is formed, as observed in 1,3-pdta and -alada complexes [7] . An oxo-bridged dinuclear structure has also been observed in a complex that has a tridentate ligand containing an imidazolylmethyl group (histidine) [8, 9] . However, the substitution of two acetate groups in edta by two 2-pyridylmethyl groups produces a heptacoordinate mononuclear complex [10] . These studies suggest that the introduction of pyridyl functional groups into a polydentate ligand does not necessarily yield oxo-bridged dinuclear complexes.
The replacement of an acetate group in nta [11] or edta [12] by a hydroxyethyl group (as opposed to a pyridylmethyl group) results in the formation of dialkoxo-bridged dinuclear complexes. Therefore, it is of interest to determine the structural characteristics of vanadium(III) complexes formed with tripodal quadridentate ligands containing an alkoxo group and pyridylmethyl or imidazolylmethyl groups. Here, we report the synthesis, structural characterization, and spectroscopic analysis of vanadium(III) complexes with N,N-bis(2-pyridylmethyl)-2-aminoethanol (Hbpmae) and N,N-bis(2-imidazolylmethyl)-2-aminoethanol (Hbimae) (Scheme 1). The molecular structures of the corresponding vanadium(IV) complexes were examined for comparison.
EXPERIMENTAL SECTION

Preparation of Ligands
Hbpmae was prepared according to a previously published method [13] . Hbimae was similarly prepared by the above method, except that 4-imidazolecarboxaldehyde was substituted in place of 2-pyridinecarboxaldehyde. 
Preparation of Complexes
All synthetic procedures involving vanadium(III) complexes were performed in an N 2 -filled glove box or in an Ar atmosphere using standard Schlenk techniques. Since the crystals display significant efflorescence, ethanol molecules of crystallization, which were evident in the X-ray crystal structure, were exchanged with water molecules under air at room temperature. Selected IR data (KBr disk): 1502, 1461, 1345, 1270, 1104, 1080, 1016, 979, 800, 673, 618 cm -1 .
Measurements
UV-visible absorption spectra were measured using a Shimadzu UV-3100PC spectrophotometer. The spectra of vanadium(III) complexes were obtained in an Ar atmosphere. Infrared absorption spectra were recorded on a JASCO FT/IR-8000S. Magnetic susceptibility at 298 K was measured using Sherwood Scientific MSB-AUTO.
X-Ray Structure Determination
The crystallographic data are summarized in Table 1 .
OCl(Hbimae)]Cl·1.5C 2 H 5 OH (4) was mounted on a glass fiber, coated with epoxy resin as a precaution against solvent loss, and centered on a Rigaku AFC7R (complex 1), a Rigaku AFC7S (complex 2), or a Rigaku Mercury CCD system (complex 4) using graphitemonochromated Mo K radiation. Diffraction data on complexes 1 and 2 were collected at 23 °C . Crystals of complex 4, however, displayed significant efflorescence at room temperature in air, causing a loss of ethanol molecules of crystallization. Diffraction data for complex 4 were therefore obtained at -90 °C.
Structural data were obtained using the direct methods SIR2004 [14] for complexes 1 and 4, and SHELX97 [15] for complex 2. Some remaining atom positions were found by successive Fourier techniques, DIRDIF99 [16] . All of the non-hydrogen atoms were refined anisotropically. Hydrogen atoms, except those of water, were included but not refined. All calculations were performed using CrystalStructure [17, 18] for complexes 1 and 4, and SHELX97 for complex 2 [15] . Crystallographic data were deposited with Cambridge Crystallographic Data Centre: deposition numbers 671279-671281. Copies of the data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retreiving.html (or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK: fax: +44 1223 336033; email: deposit@ccdc.ccam.ac.uk ).
Theoretical Calculations
Electronic structure calculations of complex 1 were carried out using the X-ray structure at a density functional theory (DFT) level with Gaussian 98, revision A 11.3 [19] . A density functional of Becke's style three-parameter hybrid functional for the Perdew-Wang exchange-correlation (B3PW91) was used [20] . The basis functions used were Dunning-Hay's split-valence double-for C, H, and N atoms (D95) and the Hay-Wadt double-with a Los Alamos relativistic effective core potential for V and Cl atoms (LANL2DZ) [21] . Energies and properties for electronic excitations were calculated at a time-dependent DFT level using the B3PW91 functional. The molecular orbitals were drawn using MOLEKEL [22]
RESULTS AND DISCUSSION
Structural Description of Complex 1
A perspective view of the cationic part of complex 1 is shown in Fig. (1) , and the selected bond distances and angles are summarized in Table 2 . The X-ray crystal structure revealed that complex 1 is a single oxo-bridged dinuclear complex with a crystallographically enforced center of symmetry on the bridging oxo atom. Although such a strictly linear V(III)-O-V(III) bridging mode has been observed in [V III 2 O(NH 3 ) 10 ]I 4 [23] , the V(III)-O-V(III) moiety usually takes a slightly bent configuration because of some weak inter-and/or intramolecular interactions such as stacking [24, 25] and hydrogen bond formation [8, 9] . In a mononuclear unit, the vanadium(III) center adopts a distorted octahedral geometry. The two pyridyl nitrogen atoms of the quadridentate Hbpmae ligand are bound to the vanadium(III) center in a trans configuration. This coordination mode results in a fairly small trans angle (N2-V1-N3: 159.2(3)°) compared with the ideal trans angle of an octahedron (180°). The alkoxo oxygen atom is situated in the trans position of the bridging oxo atom. Consideration of the charge balance of complex 1 indicates that the alkoxo groups of the ligand coordinate to vanadium(III) in a protonated form (Hbpmae). The V-O(alcohol) distances support this speculation. The V1-O2 bond length (2.141(10) Å) is greater by 0.1-0.15 Å than that of the coordination bond length of a deprotonated alkoxo group [11, 12] , reflecting weak coordination by the protonated alkoxo group. The sixth coordination position is occupied by a chloro ligand. The bond length between the vanadium(III) center (V1) and the bridging oxo atom (O1) in complex 1 compares well with the corresponding bond lengths of other hexacoordinate oxo-bridged dinuclear vanadium(III) complexes [7, 23, 24, 26] [10] , reflecting a lower coordination number (six vs. seven).
The coordination stereochemistry of vanadium(III) complexes depends highly on the coordinating group chemistry and chelate ring sizes [27] . In vanadium(III)-Hbpmae complex, the pyridyl group is more likely to induce the formation of an oxo-bridged dinuclear complex by base hydrolysis than the alkoxo group is of a dialkoxo-bridged dinuclear complex. It is possible that accepting character of the pyridyl group may have compensated an increase in electron density of vanadium(III) center induced by coordination of an oxo group with donating character. 
Solution Properties of Complex 1
Diffuse reflectance (powder) and absorption (ethanol solution) spectra of complex 1 are shown in Fig. (2) . The spectra correspond well with each other, indicating that the solid-state structure was maintained upon dissolution in ethanol. The very intense absorption bands observed in the visible region for the known oxo-bridged dinuclear vanadium(III) complexes (for complex 1, the band at 518 nm with = 2990 mol -1 dm 3 cm -1 ) have been assigned to the ligand-to-metal charge transfer (LMCT) transition of the V(III)-O-V(IIII) moiety based on resonance Raman studies [9, [28] [29] [30] . This assignment is discussed in greater detail later. Complex 1 was moderately stable in the crystalline state, yet was sensitive to air oxidation in solution. The LMCT absorption band at 518 nm completely disappeared after 150 min in ethanol under aerobic conditions, yielding a light blue solution. This color change suggested the oxidation of vanadium(III) to vanadium(IV). The X-ray crystal structure of this resulting vanadium(IV) complex (2) was determined to obtain structural data that may explain the instability of complex 1.
Structural Description of Complex 2
A perspective view of the cationic part of complex 2 is shown in Fig. (3) . The selected bond distances and angles are stated in Table 2 , along with those of complex 1. The vanadium(IV) atom has a distorted octahedral structure. On the whole, the coordination geometry of complex 2 is very similar to that of the mononuclear unit in complex 1, except that the bridging oxo atom in complex 1 replaces the terminal oxo atom in complex 2. The alkoxo group in complex 2 also coordinates to vanadium(IV) in a protonated form as in complex 1. A similar coordination mode of alkoxo groups has been observed in [V IV O(OH 2 )(Hhida)] (Hhida: N-(2-hydroxyethyl)iminodiacetate) [31] . The alcohol oxygen of complex 2 is situated in a trans position to the oxo group, whereas that in the Hhida complex is in a cis position. As a result of the strong trans influence of the oxo group, the V(IV)-O(alcohol) distance is longer in complex 2 (2.202(5) Å) than in the Hhida complex (2.070(5) Å). The short V1-O1 distance (1.604(6) Å) indicates considerable -bond character. The differences in other coordination bond lengths between complex 1 and complex 2 are relatively small despite a reduction in the ionic radius of vanadium by 0.06 Å as a result of oxidation from III to IV [32] . The bond angles in complex 2 also compare well with the corresponding angles in complex 1. This small rearrangement of atomic positions, i.e., a small energetic barrier to oxidation, may be one of the reasons that complex 1 is easily oxidized to complex, 2.
Structural Estimation and Properties of Complex 3
We evaluated the changes in structural and spectroscopic properties caused by the substitution of the pyridyl groups in Hbpmae by the imidazole groups in Hbimae. The coordination chemistry of imidazole groups is of importance in bioinorganic chemistry because imidazole groups are biologically relevant heterocyclic compounds. The molecular structure of complex 3 was based on the visible absorption spectrum and elemental analysis, because crystals of complex 3 were not attainable with sufficient quality for X-ray crystallography. The absorption spectra of complexes 1 and 3 are very similar (Fig. 2) . The LMCT transition of the V(III)-O-V(III) moiety at 494 nm indicates that complex 3 also has an oxobridged dinuclear structure. The elemental analysis and charge balance suggests that the alkoxo group in complex 3 is coordinated to the vanadium(III) center in a protonated form as observed in complex 1.
Complex 3 was extremely labile toward oxidation upon exposure to air in both solution and solid powder form. When exposed to air, powder sample of complex 3 changed from reddish brown to light blue within 12 h, indicative of the oxidation of vanadium(III) to vanadium(IV). In an aerobic ethanol solution, the LMCT band completely disappeared after 1 h, presumably attributable to the formation of vanadium(IV) complex. This oxidation reaction is much faster than in complex 1, suggesting that the substitution of pyridyl groups in Hbpmae with imidazolyl groups resulted in the destabilization of the vanadium(III) complex.
Structure and Properties of Complex 4
The perspective view of [V IV OCl(Hbimae)] + is shown in Fig. (4) , and the selected bond distances and angles are summarized in Table 3 . The unit cell of the crystal contains two crystallographically independent complex ions with similar geometries. Complex 4 has a distorted octahedral structure composed of a quadridentate Hbimae ligand, a chloro ligand, and an oxo ligand. As observed in complexes 1-3, the alkoxo group coordinates to the vanadium(IV) center in a protonated form. The coordination arrangement of the Hbimae ligand is similar to that of Hbpmae in complex 2 with the two imidazole groups occupying trans positions relative to each other. The trans angle in complex 4 (av. 148.51(14)°) is significantly smaller than the corresponding angle in complex 2 (156.4(3)°). Interestingly, the positions of the chloro and oxo ligands in complex 4 were interchanged relative to their positions in complex 2, i.e., the oxo ligand is positioned trans to the amino nitrogen in complex 4, whereas it is positioned trans to the chloro ligand in complex 2. This considerably weakens the coordination bond strength of the amino nitrogen (N1) in complex 4 because of the strong trans influence of the oxo ligand. The net result is manifest in a lengthening of the V1-N1 bond distance in complex 4 (av. 2.365(3) Å) relative to the corresponding bond length in complex 2 (2.101(6) Å). Additionally, the bond length between the vanadium(IV) atom and the alkoxo oxygen is shortened in complex 4 (av. 2.083(2) Å) relative to that in complex 2 (2.202(5) Å). If we assume that the vanadium(III) complex with Hbimae (complex 3) has an identical donor atom arrangement as complex 4, then the exchange of positions between the bridging oxo atom and the chloro atom in complex 1 relative to complex 3 may also help to explain the observed difference in the stability of the two vanadium(III) complexes.
Assignment of the Intense Visible Band
Oxo-bridged dinuclear vanadium(III) complexes exhibit an intense band in the 400-550 nm region as observed in ethanol solution of complex 1. Based on the resonance Raman studies, this intense band was assigned to a charge transfer transition between the bridging oxo atom and vanadium(III) atom [9, [28] [29] [30] . A qualitative molecular orbital N2-V1-N4 148.77(13) N7-V2-N9 148.24 (14) diagram for the V(III)-O-V(III) moiety was proposed by Bond et al. [28] . [28, 33, 34] . Transition moment calculations indicate that the intense transition in the visible region is ascribable to the e g e u *, a metal-localized *-like transition within M-O-M moiety [34, 35] DFT calculations for complex 1 also indicate that the intense visible band originates from the e g e u * transition. In previous work [29] , the Raman band due to an antisymmetric V-O-V stretching mode was strongly resonanceenhanced upon excitation on the low-energy side of the intense visible absorption band. Because TD-DFT calculations indicate that this intense band is caused by the nondegenerate transition 12 ( Table 4) , it is unlikely that the excited state that is formed by the excitation of the intense band undergoes Jahn-Teller distortion. However, the LMCT transitions 10 and 11 are almost degenerate because of very weak electronic interactions with 3p orbitals of the chloride ions. Therefore, excitation into the LMCT band is most likely to cause localization of the excited state on one of the V(III)-Cl moieties. Because the localization is accompanied by the Jahn-Teller distortion breaking the point symmetry of the V-O-V moiety, the LMCT excitation would be coupled to an antisymmetric V-O-V stretching mode. Thus, this coupling would induce a strong enhancement in the antisymmetric Raman V-O-V stretching mode in oxo-bridged dinuclear vanadium(III) complexes. 
CONCLUSIONS
Vanadium(III) and -(IV) complexes with a tripodal quadridentate ligand containing an alkoxo group and two pyridyl (or imidazolyl) groups were prepared and structurally characterized by X-ray crystallography and/or spectroscopic analysis. The vanadium(III) complexes had an oxobridged dinucler structure, indicating that the pyridyl or imidazolyl group is more likely to induce the formation of an oxo-bridged dinuclear complex than the alkoxo group is of a dialkoxo-bridged dinuclear complex. The alkoxo group coordinated in a protonated form for both vanadium(III) and -(IV) complexes. The vanadium(III) complexes were very labile toward air oxidation, yielding the corresponding vanadium(IV) complexes. The intense visible absorption band and the low-energy shoulder band of complex 1 were assigned to a *-like transition within the V(III)-O-V(III) moiety and an LMCT transition from 3p (Cl) and (pyridine) orbitals to the V(III)-O-V(III) moiety, respectively, based on theoretical calculations.
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